
(12) INTERNATIONAL AipPLlCATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



llllllllllllllililllllliiiDillillll 

(43) International Publication Date (10) International Publication Number 

8 May 2003 (08.05.2003) pCT WO 03/038837 Al 



(19) World Intellectual Property Organization 
International Bureau 




(51) latemational Patent Classification^: HOIB 1/00. 
1/04. 1/20, 1/24, G08K 3/04. 9/00, C08L 67/00, 77/00. 
B32B 33/00 

(21) lateroational Application Number: PCT/US02/34435 

(22) International Filing Date: 29 October 2002 (29.10.2002) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

60/336.772 



29 October 2001 (29.10.2001) US 



(71) Applicant: HYPERION CATALYSIS INTERNA- 
TIONAL, INC. [US/US]; 38 Smith Place, Cambridge, 
MA 02410 (US). . 

(72) inventors: NIU, Chunming; 81 Fottler Avenue, Lexing- 
ton, MA 02410 (US). NGAW, Lein; 307 Pawtucket Bodle- 
vafd, No. 24, Lowell. MA 01854-2959 (US). 



(74) Agents: EVANS, Barry et al.; Kramer Levin Naftalis & 
Frankel LLP. 919 Thiid Avenue, New Yoik, NY 10022 
(US). 

(81) Designated States (national): AE, AG, AL, AM. AT, AU. 
AZ, BA. BB, BG, BR, BY, BZ, CA, CH, CN, CR, CU. CZ. 
DE. DK. DM. DZ, EE. ES. FI, GB, GD, GE, GH, GM, HR, 
HU, ID, IL. IN. IS. JP. KE. KG, KP. KR, KZ. LC, LK. LR. 
LS. LT, LU, LV, MA, MD. MG. MK, MN. MW, MX, MZ. 
NO. NZ, PL, PT, kO, RU. SD, SB, SG. SI, SK. SL, TJ, TM, 
TR, TT. TZ, UA. UG, UZ, VC, VN. YU, ZA. ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KB. LS, MW, MZ. SD. SL. SZ, TZ. UG, ZM, ZW), 
Eurasian patent (AM. AZ. BY, KG, KZ. MD, RU, TJ, TM), 
European patent (AT. BE. BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR. GB. GR, IE, IT, LU, MC, NL, PT. SB, SK, 
TR), OAPI patent (BF, BJ, CF, CG. O, CM, GA, GN, GQ. 
GW, ML. MR. NE. SN, TD. TG). 

Published: 

— with international search report 

[Continued on next page] 



(54) Title: POLYMER CONTAINING FUNCTIONAUZED CARBON NANOTUBES 




00 
00 

2 



DSC analysis profiles of a fibiil(2%>iiylon6 ccni^iosite and a pure n}don-6 sample. 

(57) Abstract: A polymer composite composed of a polymerised mixture of fimctionalized I carbon nanotubes and monomer which 
chemically reacts with the functionalized nanotubes. The carbon nanotubes are functionalized by reacting with oxidising or other 
chemical media through chemical reactions or i^ysical adsorption. The reacted surface carbons of the nanotubes are further func- 
tionalized with chemical moieties that react with the surface caibons and selected monomers. The functionalized nanotubes are 
first dispersed in an appropriate medium such as wat^, alcohol or a liquefied monomer and then the mixture is polymerised. The 
polymerisation results in polymer chains of increasing weight bound to the surface carbons of the nanotubes. The composite may 
consist of some polymer chains imbedded in the composite without attachment to the nanotubes. The resulting composite yields 
superior chemical, physical and electrical properties over polymer composites that are only physically mixed and without binding to 
the surface carbons of the nanotubes. 




For two-letter codes and other abbreviations, refer t 
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POLYMERS CONTAINING BUNCTIONALIZED CARBON NANOTUBES 
^ A r^irni^nTTNn OF TPnr INVENTION 
Field of the Invention 
The present invention broadly relates to polymer composites containing grapliitic 
nanotubes. More specifically, the present invention relates to polymer composites 
prepared from functionalized nanotubes andamonomerwWchreacts with fun^^^ 

on the nanotubes during in situ polymerization 

T>»«nri priftH of the y rfated Art 
The advent of polymer composites containing carbon nanotubes has 
revolutionized the fields of materials science and materials engmeering. Tbese polymer 
composites are 1/6 the weight of steel but 50 to 100 or more times stronger than steel. As 
such, these polymer composites have found use in a variety of applications, from 
capacitors to electroconductive paint to electrodes. The demand for tiiese materials has 
been great and ii&provements in thdr production are widely sought. 

Methods of mianufacturing composites containing carbon nanotubes begin with 
xrionomefithathavealreadybeenpolymerizedtoformapolymermatrix. Carbon 
nanotubes are added to the polymer matrix. Suchmethods and tiie products obtained ax« 
described,forexample,inU.S.PatentNo.5.643.502. U.S. Patent No. 6,299,812 to 
Newman et al., describes the use of melt blowing and melt spinning to form composites 
containingcaibonnanotnbes. Carbon nanotubes are mixed with polymer pellets and the 
tnixture is heated to a temp^ature greater than the melting point of the polymer. The 
licpxefied mixture is extruded or spun, and then cooled to form a polymer composite. The 
caibonnanotubes are physically bonded to the polymer not chemically bonded. 

Methods for crosslinking matrices of carbon nanotubes are described in U.S. 
Patent No. 6^14 and U.S. Patent AppUcation Serial No. 08/812,856. The carbon 
nanotubes are first fimctionaHzed, e.g.. by oxidation, and then reacted with crosslinkmg 
agents to form porous crosslinked nanotube structures having novel properties. 

Studies have shown that tiie incorporation of monolayers of clay into polymer 
composites improve the properties of the composites, for example, the flexural strengflx 
, and flexural modulus. The incorporation of clay into polymers also significantly 

enhances tiie barrier properties of certain polymers against compounds such as oxygen. 
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^.ogen,ca..on.ioxiae.watervapo.andBasoli.e.^euseofc.ayinpol^^ 

increase the heat distortion temperature of the polymer. 

niiirrtf ♦hftTwventioii 

bOTdcd to moaomeiB of the polymer mattix. 

..mm f ABV OP '™» INVBNTION 

ft^pob^ern-ee.. thepolyo^s of fl^ematriee. «e '^'^ ^""^ 
XlTou-M.^.. — of.hepo.yme,iafi..che„uc*Wedto^ 

^,aea*on«->o«*e.Afte.ehemiea..onding,poly»eri^tionanow.po.^er 

„olee».axweightTheresultin.eo»posWo.shaveche..ic...phys.c^ 
r^..overeompoaUiOBS.h..containo^nn^o.u.esph,s.eanyn„xed».a 

t*,lvmer matrix without any chemical bonding. 

T^.p^inv»«oa3l.oprovideamethc^ofmatog*eseoon^onsthat 

, .^eaAonnanotabesehemcaUyWedtopolymerehama. 

Ottertapro— wWchthepresent— providesovertt^^o^-wm 

be identified aaa«»l. of the fono«u>gd=ecrip.ion«W6haetai«b«»pretaxed 
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™.„to«>. of«.epre^. Weapon. Th.dc»*io.isno.i.-y-y»«^-^ 

tt,e scope of Iho preset, inv^lion. but rate ciy P«>vid» • . 
p^iW-*"^-- T.oscop.o,m.p»^inv=««o.»U.^po^ou.. 

the appended claims. 

PPTTF f^^«^n>TinN OF THF, DRAWINGS 
rt. accbmpanying drawings, which are incorporated in and constitute a part of 
thespecification.illustrateanexemplaryembodimentofthepresent 

FigofeldepictsDSCanalysisprofilesofapnre nylons san^levs-acomposxte 

nxade in accordance with an embodim^it of the present invention. 

Figure 2 depicts TGA analysis profiles of a pure nylon-6 saniple vs. a composite 
made in accordance with an embodiment of the present invention. 

T...^ATT ir.m>V.SCITTrTT--^ r^trn^. INVENTION 

Patehts. patent appUcations,andpatent publications referred to herein are 

5 mcorporated by reference in Iheir entirety. 

Definitions 

"Aggrogatt" lofets lo » nucro«:opic particulate structurea of nauotubca. More 
»«acaSy, to tem "a^^mbUga" irfera to nanotubc stmcturca baviug relatively or 
^batantiaUy urifcnuphysicd propedi» along at let one dimensional axta and 
,„ ae^rablyha^ngtclaavdyor subauatfallyunifonnpbyaical properties in o^^ o,n>ore 
■ pUn.switto«»a.sembl.ge.i.e.bavingiso,r„picphysicalpropertics«thatplane^ The 
aase«.blage,naycc»priaeumf^y*spersedindividualin.crcoanected^^ 
^„fco,^aggreg«=»of«»»«b.a. In other embodiments, the enbre a^blage 

isr.l«Wdyors,*ffl«*iaByia*°Pi«"*'«P«=''°™"''™^^ 

25 properties. 

•Tunctionalized nanotubes" refers to carbon nanotubes whose surfaces are 
u^ormly or non-unifonnly modified so as to have a functional chemical moxety 

associated therewith. These surfaces are fimctionafizedby reaction withoxtdr^^ 
other chemical media through chemicalreactionsorphysicaladsorption. FunCronahzed 
30 r^otubescanthenbefi^ermodifiedbyadditionalreacfionstoformotherfimctional 
„.oietiesonthesurfacesofti.ecarbonnanotubes. By changing the chemical moieties on 
the surfaces of the carbon nanotube, the fimctionalized carbon nanotubes can be 
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and pending apphcation U.b. s>enai ino. 
The layers are platelets having only a few rings in m 

cr:.i:crr:r:ro..e.w— ^^^^^ 
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<Mesopore" refers toaporewMchhasadiameter Of greater than or equalto 

but less than 50 nm. 

.•Micropore" refers to a pore which has a diameter of less than 2 nm. 

..Nanotube"/'nanofiber" and "fibril" are nsedinterchangeably. Each refers to an 
elongatedhollowstructurehavingadiameterlessthanl ^m. The temx ''nanotube" also 
includes "bucky tubes" and graphitic nanofibers in which the grapbene planes are 

oriented in herring bone pattern. . ^. , 

'i«Ion-uniforin pore structure" refers to a pore structure occurring when mdividual 

discrete nanotubes are distributed in a substantially non-unifoim manner with 
) substantianynon-uniformspacingsbetweennanotubes. 

.•Property" means an inherent, measurable property that can include physical, 
chemical or mechanical properties, e.g., surface area, resistivity, fluid flow 
characteristics, dendty, porosity, melting point, heat distortion, modulus, flexural strength 

etc. 

5 "Relatively" means that 95% of flie values of the physical property when 

me^ured along an axis of. or within aplane of or witiun a volume of the structure, as the 

case may be, will be within plus or minus 20% of a mean value. 

..Substantially" or '"predoniinantiy* mean that 95% of the values of the property 

v^enmeasured along an axisot or withinaplaneof or withinavolumeofthe structure. 
20 asthecasemaybe,willbewithinplusorminuslO%ofamean value. 

"Surfece area" refers to the total surface area of a substance measurable by the 
BKf technique as known in the art, a physisorption technique. Nitrogen or heUum can be 
use absorbents to measure the surfiMie area. 

"Uniform pore structure" refers to a pore structure occurring when individual 
25 discreteu^otubesornanofibersfomi the structure. In these cases, the distribution of 
individual nanotubes in tiie particles is substantiaUy uniform with substantially regular 
spacings between the nanotubes. These spacings vary according to the densities of the 

Structures. 

Carbon Nanotubes 

30 -itetermnanotubesreferstocarbontubesorfibershavingverysmalldiameters 
including fibrils, whiskers, buckytubes, etc. Such structures provide significant surfece 
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area when assembled into a stmctuxebecaase of to Such nanotabes can 

be made with high purity and unifonnity. 

Preferably, the nanotubes used in ttie present invention have a diameter less than 1 
^tm, preferably less than abom 0.5 fmi. and even more preferably less than 0.1 ^nand 

most preferably less than 0.05 jim. 

The nanotubes. buckytubes. fibrils and whiskers that are referred to m this 
appUcation are distinguishable ftom continuous carbon fibers commercially available as 
reinforcement materials. In contrast to nanofibers. which have desirably large, but 
unavoidably finite aspect ratios, continuous carbon fibers have aspect ratios (UD) of at 
least 10^ and often 10* or more. The diameter of continuous fibers is also fer larger than 
that of fibrils, being always greater than 1 jmi and typically 5 to 7 |im. 

Carbon nanotubes exist in a variety of forms and have been prepared throu^ the 
catalytic decomposition of various carbon^ntaining gases at metal surfaces. U.S. Patent 
No 4 663.230 to Tennent hereby incorporated by reference, describes carbon nanotubes 
5 that aie free of a continuous th^mal carbon overcoat and have multiple ordered graphitic 
out« layers that are substantially parallel to the nanotube axis. As such they may be 
characterized as having their oaxes, me axes which are perpendicular to the tangents of 
the curved layers of graphite, substantially perpendicular to their cylindrical axes. They 
generallyhave diametersno greater than 0.1 and length to diameter ratios of at least 
5 Desirably Ihey are substantially free of a continuous thermal carbon overcoat, i.e., 
pyrolytically deposited carbon resulting fix,m thermal cracking of Ihe gas feed used to 
prepare them. Temient describes nanotubes typically 3.5 to 70 mn having an ordered, "as 

grown" grsqphific surface. 

U.S. Patent No. 5,171,560 to Tennent et al., hereby incorporated by reference, 
describes carbon nanotubes free of themaal overcoat and having graphitic layers 
substantially parallel to the nanotube axes such that the projection of the layers on the 
nanotube axes extends for a distance of at least two nanotube diameters. Typically, such 
nanotubes are substantially cylindrical, graphitic nanotubes of substantially constant 
diameter and comprise cylindrical graphitic sheets whose c-axes are substantially 
perpendicular to their cyUndrical axis. They are substantially free of pyrolyticaUy 
deposited carbon, have a diameter less than 0.1 urn and a length to diameter ratio of 
greater than 5. These fibrils are of primary interest in the invention. 
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When the projection of the graphitic layers on the nahotube axis extends for a 
distance of less than two nanotube diameters, the carbon planes of the gr^hitic naaotube, 
in cross section, take on a herring bone appearance. These are termed fishbone fibrils. 
U.S PatentNo. 4,855,091 to Geus. hereby incorporated by reference, provides a 
5 procedure for preparation of fishbone fibrils substantially fi:ee of a pyrolytic overcoat. 
These carbon nanotubes are also nsefiil in the practice of the invention. See also. U.S. 
PatentNo. 5,165,909 to Tennent, hereby incorporated by reference. 

Oxidized nanofibers are used to form rigid porous assemblages. U.S. PatentNo. 
5.965,470. hereby incorporated by reference, describes processes fi)r oxidizing the surface 
10 o'fcaAon'nanotubesthatincludecontactingthenanotubeswithanoxidizingagent 

includes suUuric acid (H2SO4) and potassium chlorate (icao,) imder reaction conditions 
(e g., time, temperature, and pressure) sufficient to oxidize the surfece of Ihe fibril. The 
nanotubes oxidized according to the processes of McCarthy, et al. are non-uniformly 
oxidized, that is. the caAon atoms are substituted with a mixture of cari)Oxyl, aldehyde. 
15 ketone, phenoUc and other caibonyl groups. Nanotubes have also been oxidized non- 
uniformly by treatment mfli nitric acid. hitemationalAppUcationWO95/07316discloses 
the fommtion of oxidized fibrils containing a mixture of fimctional groups. 

In published work, McCarthy and Bening (Polymer Preprints ACS Div. of 
Polymer Chem. 30 (1)420(1990)) prepared derivatives of oxidized nanotubes in order to 
20 demonstratefliatthesurfececomprisedavarietyofoxidizedgroups. Thecompounds 

they prepared, phenylhydrazones, haloaromaticesters. thallous salts, etc., were selected 
because of their analytical utility, bring, for example, brightly colored, or exhibiting some 
other strong and easily identified and differentiated signal. 

Nanotubes may be oxidized using hydrogen peroxide, chlorate, nitric acid and 
25 other suitable reagents. See, fi>r example, U.S. Patent AppUcation No. 09/861 .370 filed 
May 18, 2001 entitled "Modification of Carbon Nanotubes by Oxidation with Peroxygen 
Compo^ds" and US. Patent AppUcation No. 09/358.745. filed July 21. 1999, entitled 
"Methods of Oxidizing Multiwalled Carbon Nanotubes." These appUcations are hereby 
incorporated by reference. 
30 Carbon nanotubes of a morphology similar to the catalytically grown fibrils or 

nanotubes described above have been grown in a high temperature carbon arc (fijima. 
Nature 354 56 1991. hereby incorporated by reference). It is now generally accepted 




^^TAJS02/34435 

WO 03/038837 

8 

(Weaver Sci«ce2« 1994,h»ebym»n».«..dby«fcrc»«)fh««««arc^^ 

Ak grom carbon nanofibHs are also useM in the invcoBon. 

Tl.e-Hrhbonded'>recursor»«tnlK«™ybetathe8.nnofdiscre«nanotn*ea, 
aggregate, ofuanoBbes or both. As«ifl.annanopar«cto.naoon.bea«^ea^m 
seTeralstagea or degrees. ctalytieaUygro«nnanotubespn>d«ced«:contagtoU.S. 
pI^No 6.031,7U areS^n^tinaggregateast^stantiaUy-lof^c.^^ 
„0O^sieve. About 50%byweigM of the aggrega.«p.ssthrou«b.300,ma,.ve. 

Thcsizeotas-madeaggregat«.canbered»o.dbyv.rio«.meana. 

Ttoe aggregates ha,, various morphologiea (as detennined by sc^mmg ele^ 

nneroseopy)in«hioh.heyarerandardye.W.a'«»««*<>*«'°'°--7'';^ 
LsofrZ^rbcsresen^lingbiMnestarB^ or as aggregates consistnrgofbund^^of 

to sa^ybo» or Hnk«l carbon nanotobeshavingsnbstandaUyaesamorelah^^ 
^.lion,a.dha™.gtheapp.ar»ceofco»bedyan.rCV--)-e.g...h.lon^»dural 
.:^ofeachnano»^(despi..i»diviaa3lbe=daoridn,rs)ext«adsinthesamed»^^^^ 
a^„fdr.sMro™«Hngna.ot.bes,n.hebu^=s;«,as..ggrega.eseons,s.„gofstr.^ 
«,sU^yben.orldnkedna»>tubes«hi<*.re loosdy entangledwith each other ,0 fom. 
„«openn«-rONTsln«)t»r.. m open net structures d>e extent otnanotube 
, en.»«to«n.isgreaterfl«<*se,vedinthecon*edyarnaggreg.tcs(mwW^^^^ 
i^Lnanoh.b.shave.ubs.antially,hes«nerelativcorientation)butles3.ha^ 

binlnestCTandON.ggregates.remoiereadilydi8perscdthanBN. 

■Wh»,ca*onnanotubes are used, the aggregates, when present, are generaUy of 

«bird'snest,c6mbcdyamorop=.ne.morphologies. The more "entangled" the 
, aggr.g,.e.ar...h.n«r.p.oc,asingwiUbere<,uiredtoacM.vcasuitablccon.^^^ 
Ugh p^osity is desired. -Ma means that the selection of combed yarn or open net 
aggregates isn«,stpreferable for themajority of appUcations.However.bird-an.st 

ageregates win generally sufflce. 

The morphology of the aggregate te controlled by the choice of catalyst support 
30 Sph«ic.lsuppo..sgrown.notabesinalldirecttonsl.»togto,h.fonna,ionof 

™„g.t.s. Comb«iyamsndopcnnestaggn=gatesareprcpa,edusingsappor.sh.vmg 
rormorer^dily clcavabl. planar surfaces. U.S. Pa.en.No. M43,689h«*y 
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K!.uLo549S..e.Scp.e.^.^.99«CT«A«^-^M^^^ 

<= ,..wO91/05089 »«lU.S.PatentNo.5W00;U.S.Appl.c.U<«>No.08/329,774 

'° ::l~Loc««.7,1984;.dUS.P^mo.5>^^^^^ 

''"''Xo«b.»«.o.--b..ges,^.b««pr^bydi,pc«^g-oflbe.,. 

20 carried out. See, U.S. Patent No. 5,691,054. 

iTiinrrionalized Nanotubes 
IW.»«liz.d «»o«b« ta meiho*. of <l>e tav.n«on » produce fl» 
<^«™«offh.i=ve,«ion«.yrrf^«>coB^''«<-»*'''^^'''^"" 
following fonnula(e): 

^ [CnHliRm 

«k.,«nnis^i«.g-.Lisanu^ber.«stan0.1n.mis.,™bcrU»ta.0.5 

e.hom.«>o.»oe»,disse>ec.edfto.SO.H,COOal«.O.U^^Oft 
CHO. CN, COCi. haadc. COSH. SH, COOR'. SR'. SiR'.. Si(ORV'«. S.<CW*dOR. 
30 R".Ii.Am'2.Hg-X,TlZjaildMg-X. 

y is an integer equal to 01 less than 3, 
R is hydrogen, alkyl, aryl, cycloalkyl, or aralkyl. cycloaryl. or poly(a]kylether). 



• ^B:TA)S02/34435 
- 

10 

R" is fluoroalkyl, fluotoaryl, fluorocycloalkyl. fluoroaralkyl or cycloaryl. 
XishaKde, and 

Z is carboxylate or trifluoroacetate. 
the carbon atoms. are surface carbons of a substantially cylindrical, graphitic 
^.tlxbe of ^stantially constant diameter. nanotubes include those having a length 
to diameterratio of greater than5andadiameteroflessth^0.5^, preferably less th^ 

0 1 u me nanotubes can also be substantially cylindrical, graphitic nanotubes which are 
substantiaUyfreeofpyrolyticaUydepositedcari,on,morepreferablythosecharacte 

by having aprojection of the graphite layers on the fibril axis which extends for a 
, distanceofatleaSttwofibrildiametersand/orthosehavingcyUndricalgraphiticshee^^ 

who.e caxes are substantially perpendicular to their cyhndrical axis. Tliese compositions 
are unifonn in that each of R is the same. 

Non-unifoimly substituted nanotubes are also useful. These include compositions 

of the formula 

where n, L. m. R and the nanotube itself are as defined above, provided that each of R 
does not contain oxygen, or. if each of R is an oxygen-containing group COOH is not 
present. 

Funcdonalized nanotubes having the formula 

[CnHiJRm 

where n. L. m. R and R' have the same meaning as above and the carbon atoms are 
surface carbon atoms of a fishbone fibril having a length to diameter ratio greater than 5. 
may also be used included within the invention. These may be uniformly or non- 
umformly substituted. Preferably, the nanotubes are free of thermal overcoat and have 

25 diameters less than 0.5n. 

Also useful in the methods of invention to produce ttie compositions of the 
invention are fimctionalized nanotubes having the formula 

[C„HL}[R'-R]m 

where n L. m. R' and R have tiie same meaning as above. The carbon atoms. C„. are 
30 surfacecarbonsofasubstantiallycylindrical,graphiticnanotubeofsubstantiaUyco^^ 

diameter, as described above. 
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In both mufonnly and non-^nformly substituted nanotubes. the su^^ 
arereacted. Most carbon aton. in the surface layer of a graphMc fibril, as in ^apl^^^ 
basalplane carbons. Basalplanecaxbonsaxerelativelyinerttoche^^^ 
defect sites, Where, for exaxnple. the ^Mticplanefailstoexte.dl»Uyar^^^^^ 
there are carbon atones analogous to theedge carbon atomsofagrapMtepl^^^^^^ 

ElernentaryE^iiitriu^CHernistryofCart^^^^^^ 

edge and basal plane carbonis). 

At defect sites, edge or basal plane carbons of lower, interior layers of the 
nan.tubemaybe«.po.ed. Tl.e term surface carbon includes all the carbons, basal plane 
andedge.offheo^dermostlayerofthenanotube.asweUascarbons.bothbasalplane 
and/or edge,oflower layers thatn^yl^exposedat defect sites .fthe outermost 1^^^^^ 
The edge carbons are reactive and must contain some heteroatom or group to satisfy 

carbon valency. , ^ n_*t, 

TTiesubstitutednanotubesdescribedabovemayadvantageouslybefurther 

functionalized. Such compositions include compositions of the fomiula 

[CaHlJAm 

Where Ihe carbons are surfece carbons of ananotube. n, L and m are as described above, 
:teLted^mOY.KHV,0=C.OY.P=C-mXOK:-SY.O=C-Y.-C.l-OY^^ 

orCY Y is an appropriate functional group of aprotein. a peptide, an amino acid, an 
, enzyme.anantibody.anucleotide.anoUgonucleotide.anantigen.oranenzyme 

substrate, enzyme inhibitor or the transition state analog of an enzyme substrate or is 
s.lectedfromR'-OH.R--NR-.R-SH.R'CHO.RmR%R^(R03X-.R'SiR-. 
R'Si^R^RV^ R'Si(O.SiRW R'-R", R'-N-CO. (C^C^H, (CaHeC^H. (C^OV 

k'.CCsHeOVR'.R'. 
^5 and wis an integer greater than one and less than 200. 

Tlxe carbon atoms. C„. are surface carbons of a substantially cylindrical, graphitic 
nanotube of substantially constant diameter as described above. 
The fimctional nanotubes of structure 

[C.JIl3[R'-R]m 

30 may also be fimctionalized to produce compositions having flie formula 

[C„Hl1[R'-A]„ 
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[QvHl3[X-Rjm 

substantiallyperpeadicnnartotheircyhndncalaxes. Preferably.m 
thermal overcoatandhavediametersless(han0.5n. , „„„ 75 of 

Preferted cycUc confounds are planar macrocycles as descnbed onp. 76 of 

to adsonrticm a" P«I*5™» »°* 

•LadsJedc,cUoc^u™ta«»yb,<*^ona.iz«.. S^^..-^ 

include compounds of the formula 

*he».....I,a.XaoaAa,ea.dean.daboveand«>c»bons«..«*o. 

^ of a s.b.U««any oyltodrical graphitic naaotoba as de»rib«l -»v.. 

The fcncUonahzed ca^cnnaaotubes ^ » P«pare ^ 
dispersingthenanotubesinasolvent. In some instances me c 
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be filtered a^dxiedprtortooon^ct Sp«ilfc««i,l..ofneaod.of toctt.^ 
c^„B^o»bes oa.be fWi«U.S.Pa«..No.5^03.814.oFish.re,^^P«x>mg 

U.S. Application SemlNo. 08«12,856 filedM»d>6. 1997. both hereby mootponUBi by 

reference. 

one particularly usefidtypeoffimctionaUzedcarboni^notubes^ 
havebeen fictionalized vdfhcarboxyUcaddmoieties. These xuaiotube^ 

prepared, for example, from chlorate, nitric acid, or ammonium persulfate oxxdation. 

CarboxyUcacidfimctionalizedc^onnanotubesax^particularlyusefulbec^^^ 

theycanserveasthestartingpointforpreparingolhertypesoffimctionalizedcarb^^ 
, nanotubes. For example, alcohols or amides can be easily li^ to the acid to^vesU^^^ 
esters or amides. If the alcohol or amine is part of a di- or poly-fimctional molecule. ti.en 
linkage through the O- or NH- leaves the other functionahties as pendant groups. These 
reactions can be carried out using any of the methods developed for esterifymg or 
aminatingcaxboxylicacidswithalcoholsoraminesaskno.vnintheart. Examplesof 
15 thesemethodscanbefoundinHA.Staab,Angew.Chem.Intemat.Edit..(l),351 (1962) 
and G.W. Anderson, et al.. J. Amer. Chem. Soc. 96. 1839 (1965) which are hereby both 
incoxpotatedby reference intheir entirety. Amino groups canbe introduced directly onto 
graphitic nanotubes by treating Ihenanotubeswithnitric acid and sulfuric acid to get 
nit«.tedffl»ils.thenreducmgthenitratedformwilhareducingagents^^^ 

20 dithionite to get amino-fimctionalized fibrils. 

p^^.^,> r^»», T.n«H«« Cont- '-'-T Nanotubes 
Any of file above disclosed functionalized carbon nanotubes can be used to 
produce polymer composites of carbon nanotubes wherein fixe polymer chains are 
chemically bOnd^fe> the carbonnanotubes. The choiceofafunctionalized carbon 

25 nahotube depettds on fiie type of polymer that is to be used for the composite. 

Examples of polymers which can be used to form the matrices include, but are not 
limited to. those selected from the polycarbonates, polyamides, polyesters and 
pdlyurethanes and mixtures or combinations thereof. Specific examples of polymers 
irxclude. but are not limited to. the polyamide of adipic acid and hexamethylene diamme 
30 (nylon 6.6); poly(6-aminohexanoic acid) (nylon-6); the polyamide of meta-phthahc add 
and meta-diaminobenzene (Nomex). the polyamide of para-phtiialic add and para- 
diaminobenzene (Kevlar). die polyester of dimethyl terephfixalate and etiiylene glycol 
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Macron); the polycarbonate of caibonic add; the polycarbonate of diethyl carbonate and 
bisphenol A (Lexan); thepolyurethane of carbanuc add; the polyurethane of isocyanate 
and alcohol; the polyurethane of phenyl isocyanate with elhanol; the polyurethane of 
toluehediisocyanateandethylene glycol. Any other condensation polymers would also 

5 be suitable for the presentinvention. They can also be organic/inorgairic hybrid based. 
Certainmohom^s are ihore readily bonded to certain fimctional^ 
nanotubes than other functionalized carbon nanotobes. The choice of which type of 
fimctionalized nanotube to be nsed wfll be apparent to one sldHed in the art. 

Prcnafatio? ' »f romposites 

10 Topreparetheconiposites,fimctionalizednanotubesarefirstdisperse^ 

vehicle. The vehicle depends oh the type of monomer that will be used to form the 
composite. For example, the vehicle canbe water, an alcohol (e.g., ethylene glycol) or 
other Uquidkhown m the art. Alternatively, the vehicle canbe the Uquefied monomer, as 
a ^e phAse or an emulsion. The dispersion canbe implementedby the use of 
15 ultrasdhicsomcatorsorsonifiersorbymechanicalmeanse.g.ahomogemzer.blend^ 

mixer. The dispersion is carried outbefore the polymerization of the monomers. 

Monomers are reacted to chemically bond to the functional moieties on the 
fimctionalized nanotubes. For example, the monomer B-caprolactam serves as the 
bmldihgblodcfornylon-6. e-caprolactam has an amine group at one end and a 
20 caxb<«yiic add gro^atthe other end. Upon heating, flie monomer hydrolyzes to the fi^e 
amihoadd. TT.e free acid chemically bonds to an acid site on the carbon nanotube 
andpolym^. A single carbon nanotube may have multiple polymer chains attached to 
it Themolecularweightofthepolymerincreasesastheprocesscontinues. Techniques 
usedtopolym^mohomersareknowntoihoseskilledintheart. For example, in the 
25 case6fnyloh-6.continuedheatmgofthemonomerscausesthemtopolymerize. 

Composites *he Invention 
The composites at the invention may have multiple polymer chains attached to 
e^h carbon nanotube. the composites are predominantly may comprise of polymer and 
has a contkmous polyiriCT phase. 
30 The carbon nanotube content of the composite is from about 0.25% to about 20% 

by weight of the con^ostte. Preferably the nanotubes comprise less than 10% by weight. 
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and more preferably kss than 6% by weight of the conqK,site. The polymer composites 
are soUd and free of pores. For example, the polymer composites are 99.5% soUd. 

Kxamples 

Example 1 : Preparation of CarbdxyUc Add-Functlonalized Fibrils Using Chlorate 
5 AsampleofCCcaibonnanotubeswassluniedinconcentratedH2S04bymixmg 

withaspatulaandtheatrax.sferredtoareactorflaskfitted^vi1hgasirae^^ 

overhead stirrer. Withstiztingandunderaslowflowof argon, the charge of NaOOa was 

addedinportior»satx6omtemperatureoverthed«rationoftheran.Cmorinevaporswe^ 

gen^tedduringtheeatirecdurSeof therunandweresw^^ a 
10 aqu^u^NadHtrap. At Ibe end of the run. the fibril slurry was poured over craclced ice 
and vacttum filtered. The filter cake was then transferred to a Soxhlet thimble and 
washed in a Soxhlet extractor wilii ddonized water, exchanging fresh water every several 
hours WashingwascontihueduntilasampleofthecartK>nnanotubes.whenaddedto 
fresh deionized water, did not change the pH of the water. THe carbon nanotubes were 
15 then separated by filtration and dried at 100»C. at 5" vacuum overnight. 

Example 2: Preparation of CarboxyUc Add-Functionalized Fibrils Using Nitric 

Acid 

A sample of carbon nanotubes Was slurried with nitric acid of the appropriate 
gtfengthin abomidbottommulti-neck indented reactor flask equipped with an overhead 
20 stiiret and a water condenser. With constant stirring, the temperature was adjusted and 
theteactioncairiedoutforthespecifiedtime. Brown fumes were liberated shortly after 
the temperature exceeded lO^C, regardless of acid strength. After the reaction, the slurry 
was pouted onto cracked ice and dUuted with deionized water. The slurry was filtered 
a&a dJccfeSs add reih6vedby wadiing in a So^^^ 
25 fieshdeidtoizeawater^erys^^^ 

from deionized water. The carbon nanotubes were dried at lOO^C. at 5" vacuum 

overnighit. 

Example 3: Preparation of Amino-Functionalized Fibrils Using Nitric Aad 
To a cooled suspension (0°C) of fibrils (70 mg) in water (1.6 ml) and acetic add 
30 (0.8 ml) was added nitric acid (0.4 ml) in a dropwisemamier. The reaction mixture was 
stined for 15 minutes at 0°C and stirred for fiirther 1 hour at room temperature. A 
xdxture of sulfimc acid (0.4 ml) and hydrochloric acid (0.4 ml) was added slowly and 
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^ f<. 1 ho« a. r»m »m[«««ie. The r«=d<* wa. s«w.d ^ 

*'^\o a ^spcnsicM oMWW abrib in w«et (3 ml) and «mm«ium hjdB.x^^^^ 

..»dingovenug«a.™cm«n.pcra«».«h.a.sp<»si<»«aafi.ter»a,wash=dw>«.^^ 
(XIO). mataool (X5) «.a dri=d»Bdcr vaomun tt. give ammo SbnU. 

B».mpl.4=Pr.par.fl.».»E.t»/Alcoh.ID«rlv.«v«lr.mC.rt..xyl.eAc.d 
^ ThecaA6x^=acidSmctio,»JizedcartxmBan»«*«werepr.^ 
1 n«ort6xyttcaadc<»talt»a»0.75m»yg. Carton reacted ™a. a 

,,,i^.„„fflCO,«oMiohoe.sed.Th.r«ftar.U.esl»,ry«aa^^^ 

a lO-fcU molar «o«a of poly«hylenogl,col (MW 60O) and a amall amount of NaOBt as 

catdyst After.«olK»«r.ac.ion.*ocart«nnano*4«we«,s.para.edbyfilte,.on. 

washed with tolueiie and dried at 100 °C. ^ 

Example 5: Preparation of Aniide/Aniine Derivatives from Carboxyhc Aad- 

Functionalized Fibrils 

0 242 g of chlorateKJxidized fibrils (0.62 meq/g) was suspended in 20 ml 
arfxydrous dioxMewilhstiningiBalOOmlRB flask fitted withaserum stopper 

foldmolareXcessofN-hydxoxysuccixnnude(0.299g)wasaddedand^^^^ 

This was followed by addition of20-fold molar excess of l-ethyl-3-(3- 

« dixhethylaminopropyDcarbodiimide (EDAQ (0.510 g), and stirring was cont^ued f^ 2 
bratkT. Attheendoftl.speriodsti.ring was stopped, andthesupen^atanta^^^ 

the^Udsw^washedwitha.^ydrousdioxaneandMeOHandfilteredonaO.45^^^^ 

p^y.Ulfb.en.c*xibtane.I^esolidswerewashedwithadditionalMeOHon^^^^^^ 

^etnbn^ne and vacuum-dried until no further weight reduction was observed. Yreld 
30 ^eS-activated oxidized fibrils was lOOo/o based on the 60/0 weight gain observed 

100,leU.ylenediaminewasaddedtol0ml0.2MNaHCO3buffer.Anequ.valent 

volumeofaceticacid(HOAc)was added to maintain thepHnear 8. NHS-activated 
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dxidizedfibrils(0310g)wasaddedwithvigorou88tmingandre^ An 
additional 300 m of ethylenediamine and 300 ^1 HOAc was added for an additional 10 
min Thesolutionwasfflteredon0.45nrictonpolysidfonemeinbraneandwashed 
successivelywithNaHGOs buffer, r/o HC1,DI water and EtOH. The soUds were dried 

5 Mder vacuum oVianight 

Example 6: Preparation of Fibril-Nylon-e Composite 

A solution of 8-caim>lactam (9^%). commercially available ftom Sigma-^^ 

was diluted with water to ftom a mixture of e-caprolactam and water m a ratio of 30:1 .5 
at a temperature of about 60°C on a hot plate. Once a clear solution is fonned, drops of 
10 polymerization catalyst either acetic acid or H3PO4 was added (two drops per 31.5g 

isolutidn). 

Once the solution was prepared, the fimctionaUzed carbon nanotubes were 
dispersed in the s-caprolactam solution. Both ammonium persulfete and nitric acid 
oxidized fibrils wfere used. The dispersion of the fibrils was carried out prior to the 

15 polymerization. About 3g s-caprolactam solution was transferred to a test tube with an 
outer diameter of about 16 mm. After an ^.propriate amount of oxidized fibril particles 
wis added, the tube waS placed in a hot water bath (-60 °C) for a few hours to allow the 
fibril particles to «cpand. Final dispersion was obtained by ultrasonication with a 3 mm 
diamet^tipped probe forSminutes, After the dispersion, the polymerization occurred. 

io The reactor consisted of a one-inch outer diameter steel tube with one end capped and the 
other comiectedtd afineneedlevalveused to slowlyrelease water vapor, atube fimiace 
in a vertical orientation, and a temperature programmed controller. The glass test tube 
wasimmediatelyplacedinthesteelreacfor. The reactor was called and aay air trapped 

ihtiieieactorwagexdi^^ 
25 polymerizationWa^camedoutbyheatiiigthereactoratl^ 

rainutes. Tins Was followed by an increase of ten^erature to 260 »C for another thirty 

minutes. Subsequentiy. the needle valve on the top ofreactor was opened and water 
. vaporwasbledmaperiod of 1.5 hratthe same temperature. The composite was 

obtained by breaking the glass tube after the reactor was cooled down to room 
30 temperature. The composite was heated in hot water to remove any remaining monomer 

residue which was less than 5%. 
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chcfflirally bonded flWIs » fl>e meWng »d «cry,.^onFr«P««- "'"y"-^- 
r"ysis».car.=do«wie.a,^l.-«ora^.lO^^»..r^" 

Tsocc^.ld.a.en^up-'*'™-""""^"^ """T"^™ 
l„u,™.o.oWoU.d«ec«c«.«w.sc«.o^=an^.-U«>=»s..alOCdo™ 

rate. The results are suiimiarized in Table Ibelow^ 

table 1. DSC analysis results 




10 



15 



20 



25 



Mim 1 sh»« DSC a-alyris piffles «conW fiom .c<».posUe «i>h 2% fibrils 

andapotenyim-os-ur ■ j,;„t=Ho1 k can be seen Ibal the pure 

l>eatof<hefc8ionotbotlisample8«es»»«>»n«4mT*lel. Bean be 

nyIons«opleshowed.womd*.gP«*.«2Ha^^'°<^™"'°"'°"^., 
C^-»=>P«»»«m.5X.Theco.„posi.es»np.ewi^2%fibn,.sboW 

A 13% tee.« to the heat of the teioa «^ tba. tt» t^senee 

c„™«iteinoB»sedlheoryst.JliBityof*"y^^^ 

th«m.l,,«vta«trican.ly^CK3A)a„alydawasca™ed.^^ 

BWUen^eth^t^tyofnylon^- ^etGA analysis waac«^o«w^a 
^lesi«ofabo«.10mg»^eran..Bonflowata.emper«-".eof5 Ctan^ 

Fig»e2 showstheTOA analysisp^filesreeorded fiomth. oon.po...e«A2^ 

fiWlsplotted^gainstaptoflylon-esaaple. Boan be seen that the o«aUfl.cn=d 

1 san^les 3^ al^nost the s^e. except ^t the 2-. fibril oo.npos.te has . 
sHgWy lower deconvositiontemp^ahn. and ahi8l.erpen;entageofres.d,«. 
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B«lopte7: prepar«Io.Fibril-PETcoifl>Mite 

Thi«y^of«hytocg.ycol.0.6sofoxidizedaWl..nd0.0lgofandmo^ 

tnoxideareMOMK w„»«™,»ilh a450■W»lt^lSoundllOmog=mzer■ 

l^a^asat^n*.. 1.5 gdim«h,l ,.5got,hefibnl 

mixture are aoa~. ° .. Tiw.,,ih,r«iMor is sealed by closing a needle 

to airlnffiereaaorisjMrgedwithargon. Thenttereaeterrss > 
,.,v.p«edinatanace.a.K.isl.ea«d..^«.220"C,oraniruba.penod„f«,.r«, 

valve, piaceo at 280 °C to polymerize the monomers. 

tmnutesfcllbwedbyanaddttionaiaOinmutesatMO uiop >m 

, TtovaW.enfltereae.orisg«dually=P«»d,odlowftewa,er,mett>anolandexoess 

ZLes,ycol.<.e«pot«cov..aperiodo,90mim«es. Tben«» reactor. ev.,^«^a. 
280.C^30nn.Fi.»Uy.m.reao.»ri.coo,eddc^.oroom«mpera»eanda6b„l- 

PETcon*<>aitewa>i*o»'l%fibtilsisoMalned. 

EMDlple 8: PreparaHo. of Hbrll-polycarboi.a.e eompesrte 
,nag..saUs.b*..1.5gbisph™o,A, 1.5 ^^^'-'^'^-^''-^^^ 
oxidi^fibrilisadded. Tltembeisbe^to .60X.om=..memonc^er. tleanx»re 
iasoMc.M»diaperse.«fibrUsin«>emonomer«,nida.l60"C.FoUowmg*e 
addittonofl5^6%UOH.H20sota«onbyir.ieebon.*e.ubeisinnned...eIyp.a^m 

.s.e^re^ordi^Win^e.-a-'^-reac.rispnrg^.— 
„ .Ureac«isS«l«ibyolosinBaneedlev.lve.p..cedinafinnace,hea.ed.ol80 C^. 

Xo«0«-.=s>llowedbybea«ng.cl9«xror.p^odof«.»^«^«»^^^ 

Ldogto 236 -C for a period of 30 minutes. Tl.e reactor rs .hen evacuMed a. 230 C fbr 

':^ll65'C^r,20min..inany>eoomposi.eiscoolea.rcom»m^ 

Ireac«isope„ed.nd.flbril.po,y(bi,phenolAcarbona.e)oomposr.e»«.*o..l/. 

30 fibrils is obtained. 
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; the invention. . ^ . ^ j'«+«>k 

, „^„,„*«,»^oa*oKyHc«idmoiett««bichco«W«».»ith«.une.^.*es»n4. 

fimctionializednanotubes. .^^x^c 

^iso^^Wpo.,..^. to^^--^- Someofsuchc*.^.^. 
with the caAoxylic acid group. 

within the polynier, . 

aajM moieties to J&m » iMar composition. 

to ,an a«.ther e.>4*>diment. a »ixt»e ot caiboxyUc acid and anme 

^^^i^nenotnbescanbensed. Thep-d»..h.» fonncdna^yhavcpclj^^- 
Hnk^l a. the c«i»xyl .ennini » » «nine group on d» nanotnbc, and ,mi.ed at «« «^ 

25 tamimtoacaiboiylstonponllienanotubes. 
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WP. CLAIM: J 

1 Aconiposite comprising a polymerized xmxture of funchonahzed 

carbonn^otUbesandamon^erwhichcanreactwithsaidfimctiona^^ 

2 Apolytnercompositecomi«i^gapl«ralityoffimctional^^ 

ca*bonnanot«b.sa^dpolym^chaix.chernicaUybou^^ 

nanotubes- ^ v 

3 A polymer composite comprising a mixture of fonctionahzed 

c^bonn^otubes withr^tedsurfececarbon atoms, saidnanotubes consistingof 

compositions of [CnHL]-Rni 

where C is a surface carbon atom, 

n is an integer, 
L is a number less than O.ln, 
m is a number less than 0.5n, 

each of R is the same and is selected from the group consisting of SO3H. 
CdOH. NHa. OH. R'CHOH. CHO, CN, COCl, haUde, COSH. SH, 
COOR'. SR'. SiR'3. Si(OR^R'3.y, Si^-SiRW R". U AlR'z. Hg-X. 

nZ^andMg-X. 

where y is an integer equal to or less than 3, 

R is hydrogen, alkyl. aryl, cycloalkyl, or aralkyl. cycloaryl, or 
pOly(a]kyleth«:), 

R" is fluoroalkyl. fluoroaryl, fluoiocycloalkyl. fluoroaralkyl or 

cycloaryl, 

X is halide, and 

Z is carboxylatc or trifluoroacetate. 
2j 4 The polymer composite as recited in claim 3, wherein said 

n^tub^a.esubstantiallycylindrical.witt.asubs^^^^^^ 
lengd^todiameterratio of greater than five andadiameteroflessthanO.5^^^^^ 

5. Thecompositeasrecitedinclaimlcomprisingfromabout0.25/o 

to about 20% of said nanotubes by weight of said composite. 

6. The composite as recited m claim 1 comprising from about 1 /o to 
about 6% of said nanotubes by weight of said composite. 
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7. The composite as redted in claim 1 comprising from about 3% to 

about 10% of said nandtube by weight of said composite. 

8. The composite as recited in claim 1 wherein said polymer 

composite is substantially soUd and free of pores. 
5 9. The composite of claim 1 comprising polycarbonates, polyamides, 

polyesters, polyureth^es or inixtures thereof. 

10. The composite of claim 9 wherdn ihe polymer comprises orgamc 

and/or inorganic hybrids. 

11. Acompositepolymercomprisingapluralityoffimctionalized 

10 carbonnahotub^andpolymerchainschemicallyboundtoreactivesitesonsaid 
nanotubes prqpared by 

a. dispersing functionalized carbon nanotubes in an 

appropriate veihicle; 

b. adding a selected monomer reactive with sites on said 

15 functiohalized nanotubes to flie dispersion; and 

c. causing said mondnier to polymerize and react with said 

fimctionalized nanotubes to fdmi said composite. 

12. A polymer cdmpdsite as recited in claim 1 1 wherein the 
^propriate vehicle comprises water, alcohol or a Uquefied monomer. 
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Fig t DSC analysis 



is profiles of a fibril(2%>iiylon6 composite and a pure nylon-6 sample. 




i i6d 

Fig. 2 TGA analysis 
sample' 



TcfnpC*0UifO rc> 



560 



profiles of a fibrU(2%)-ayloo6 composite and a pure ixyloii-6 
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Initiation 

H 




+ H2O 



H2N- 



-OH 



qhain growth by polyaddition 




+ H2r«i- 



JI.0H 



HaN- 



Cn 



Cn+1 



Chain growth by polyconderisation 



H2N- 



Cm 



On II 

C-OH+ H^O 

Cm+n 



Chain grafting 



-CdOH +H2N -OOOH 



-COHN = COOH + H2O 



COOH + HiN- 



-OOOH 



Cn 



-COHN- 



.COOH-H2O 



2 Reaction scheme: Initiation and chain growth by addition and condonation are 
^Sol^Sf^r^^^ polymerization, chain grafting is believed occun^ durmg thi s 
reaction. 
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